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This study investigated the cadmium (Cd) intoxication on cognitive, motor and anxiety performance of
rats subjected to long-term exposure to diet with Cd salt or with Cd from contaminated potato tubers.
Potato plantlets were micropropagated in MS medium and transplanted to plastic trays containing sand.
Tubers were collected, planted in sand boxes and cultivated with 0 or 10 lM Cd and, after were oven-
dried, powder processed and used for diet. Rats were divided into six groups and fed different diets for
5 months: control, potato, potato + Cd, 1, 5 or 25 mg/kg CdCl2. Cd exposure increased Cd concentration
in brain regions. There was a signiﬁcant decrease in the step-down latency in Cd-intoxicated rats and,
elevated plus maze task revealed an anxiolytic effect in rats fed potato diet per se, and an anxiogenic
effect in rats fed 25 mg/kg Cd. The brain structures of rats exposed to Cd salt or Cd from tubers showed
an increased AChE activity, but Na+,K+-ATPase decreased in cortex, hypothalamus, and cerebellum. There-
fore, we suggest an association between the long-term diet of potato tuber and a clear anxiolytic effect.
Moreover, we observed an impaired cognition and enhanced anxiety-like behavior displayed by Cd-
intoxicated rats coupled with a marked increase of brain Cd concentration, and increase and decrease
of AChE and Na+,K+-ATPase activities, respectively.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Diet is the most important source of cadmium (Cd) exposure in
the general population (non-occupational and nonsmoking) since
Cd is not degraded in the environment and can also enter into
the food chain (ATSDR, 2005). Both natural and anthropogenic
sources of this heavy metal, including industrial emissions and
the application of fertilizer and sewage sludge to farm land, may
lead to the contamination of soils and to increased Cd uptake by
crops and vegetables grown for human consumption (Järup and
Akesson, 2009; Olsson et al., 2002). The uptake process of Cd from
soil by plants is enhanced at low pH. Cd uptake by potatoes (Sola-
num tuberosum) and carrots (Daucus carota) is sensitive to changes
in pH (Öborn et al., 1995). Thus, the decrease of soil pH due to envi-
ronmental acidiﬁcation may further increase the Cd content in hu-7 (J.F. Gonçalves).
.F. Gonçalves), mariachitoli-
sevier OA license.man exposure pathway (Eriksson et al., 1996; Järup et al., 1998).
Total human intake of Cd from food has been estimated as 2.8–
4.2 lg/kg body weight/week, which equates to approximately
40–60% of the current provisional tolerable weekly intake of
7 lg/kg body weight/week (Järup et al., 1998).
Cd has a long biological half-life (15–30 years in humans)
mainly due to its low rate of excretion from the body. Thus, pro-
longed exposure to it has been linked to toxic effects since it gets
accumulated over time in a variety of structures including kidneys,
liver and central nervous system (CNS) (Zadorozhnaja et al., 2000).
Cd is more toxic to newborn and young rats than to adult rats
probably due to differences in the blood–brain barrier (BBB)
integrity (Antonio et al., 2003; Yargiçoglu et al., 1997). However,
this metal can increase BBB permeability, thus penetrating and
accumulating in the brain of developing and adult rats (Gonçalves
et al., 2010; Méndez-Armenta and Ríos, 2007; Pari and Murugavel,
2007; Shukla et al., 1996; Takeda et al., 1999) leading to brain intra-
cellular accumulation, cellular dysfunction, and cerebral edema.
Also, it can affect the degree and balance of excitation–inhibition
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animal brain (Méndez-Armenta and Ríos, 2007; Minami et al.,
2001; Provias et al., 1994). Exposure to Cd can produce long-term
impairment of neurobehavioral status such as alterations in atten-
tion and memory as well as in the psychomotor, and visuomotor
functioning and speed in workers (Hart et al., 1989; Viaene et al.,
2000). Moreover, in rat studies have observed increased aggressive
and anxiety-like behaviours, impaired learning and memory pro-
cesses, and changes in the development of the visual system (Desi
et al., 1998; Gonçalves et al., 2010; Holloway and Thor, 1988; Terç-
ariol et al., 2011; Yargiçoglu et al., 1997).
Some studies on Cd toxicity have found an association with
behavioral disturbances and cholinergic neurotransmission since
an increase or a decrease in the acetylcholinesterase (AChE, E.C.
3.1.1.7) activity was veriﬁed in both animal models and humans
that showed behavioral impairments after exposure to Cd (Gonçal-
ves et al., 2010; Pari and Murugavel, 2007). This enzyme hydro-
lyses the neurotransmitter acetylcholine (ACh) in the synaptic
cleft of cholinergic synapses and neuromuscular junctions (Soreq
and Seidman, 2001). Alterations in the AChE activity have been
demonstrated by our research group in various diseases and poi-
sonings suggesting that this enzyme could be an important physi-
ological and pathological parameter (Gonçalves et al., 2010; Kaizer
et al., 2005; Schmatz et al., 2009).
In addition, Na+,K+-ATPase (E.C. 3.6.1.3), or sodium pump, is
among the enzymes particularly affected by Cd exposure (Antonio
et al., 2002; Rajanna et al., 1983). This enzyme is one of the major
membrane proteins responsible for generating the membrane po-
tential through the active transport of Na+ and K+ ions in the CNS
(Aperia, 2007; Kaplan, 2002), consuming about 40–60% of ATP pro-
duced in the brain (Erecinska et al., 2004). It is implicated in the
metabolic energy production, in the uptake and release of seroto-
nin and catecholamines as well as in the need to maintain cellular
volume control and neuronal excitability (Bogdanski et al., 1968;
Hernandez, 1987; Mata et al., 1980; Mobasheri et al., 2000). Thus,
disturbances in its activity could have serious consequences for the
CNS functioning and play a relevant role in the learning and mem-
ory mechanisms (Zhan et al., 2004).
In the present work we investigated the effect of Cd intoxication
on cognitive, motor and anxiety performance of rats subjected to
long-term exposure to diet with low levels of Cd salt or with Cd
from contaminated potato tubers measured on inhibitory avoid-
ance, open ﬁeld and elevated plus maze tests. In addition, we also
evaluated the inﬂuence of this metal on AChE and Na+,K+-ATPase
activities in different brain structures.2. Materials and methods
2.1. Chemicals
Acetylthiocholine iodide, cadmium chloride monohydrate, 5,50-dithio-bis-2-
nitrobenzoic acid (DTNB), tris-(hydroxymethyl)-aminomethane GR, ouabain and
Coomassie brilliant blue G were obtained from Sigma Chemical Co. (St. Louis, MO,
USA). Agar–agar and thiamine chloride hydrochloride were obtained from Merk
KGaA (Rockland, Massachusetts, USA). Myo inositol was obtained from Vetec Chem-
ical Co. (Duque de Caxias, Rio de Janeiro, Brazil). All other reagents used in the
experiments were of analytical grade and of the highest purity.2.2. Potato cultivation
Potato plantlets (S. tuberosum L.) for tissue culture were obtained from the Po-
tato Breeding and Genetics Germplasm Program, Universidade Federal de Santa
Maria, RS, Brazil. One potato genotype widely planted in Southern Brazil, Macaca,
was used in this study. Nodal segments (1.0 cm long) without leaves were micro-
propagated in MS medium (Murashige and Skoog, 1962), supplemented with
30 g/L of sucrose, 0.1 g/L of myo-inositol and 6 g/L of agar in the absence growth
regulators (Nicoloso et al., 2001). The plants were selected, comprising a homoge-
neous population, and used as donor explants. The apical and basal regions of
shoots were not used.After 21 days in MS medium, in vitro, plants were transplanted to plastic trays
containing sand as substrate and cultivated for 27 days in a greenhouse with shad-
ing (50%). A second hydroponic growth period was performed in sand box with
spacing of 10 cm, reaching a density of 100 per m2 of surface seedlings. These plants
received three daily irrigations (15 min each) with complete nutrient solution con-
taining (mg/L): 155.90 N; 46.40 P; 5271.00 S; 123.00 Ca; 30.00 Mg; 253.60 K;
2622.00 B; 133.00 Na; 277.00 Mo; 2274.00 Zn; 636.00 Cu; 6501.00 Mn and 1.20 Fe.
The produced tubers were planted in sand box and cultivated during the spring
growing season (September to November) with the same experimental system pre-
viously described. The Cd exposure was with the addition of the same nutrient solu-
tion in the form of cadmium chloride monohydrate (CdCl2H2O) at concentrations of
0 (control) or 10 lM. At all stages of the experiment the pH of the solutions used
was adjusted daily to 5.5 ± 0.1 by titration with solutions of HCl or NaOH 0.1 M.
The plants were cultivated for 91 days.
At the end of the cycle, the plants were collected and tubers were washed three
times with distilled water and dried with tissue paper. The produced tubers were
oven-dried at 65 C to a constant mass for the determination of biomass as well
as Cd accumulation. Dried plant tissues (0.01–0.1 g) were ground and digested with
4 mL of concentrated HNO3. Sample decomposition was carried out using a heating
block Velp Scientiﬁca (Milano, Italy). Heating was set at 130 C for 2 h. Plastic caps
were ﬁtted to the vessels to prevent losses by volatilization. The ﬁnal Cd concentra-
tion in the produced tubers (powder) was 4.5 lg/g of dry weight.
2.3. Animals and dietary treatment
Three-week-old male Wistar rats weighing 85.5 ± 5.3 g from the Central Animal
House of the Universidade Federal de Santa Maria (UFSM) was used in this exper-
iment. At weaning, the pups were acclimated for 10 days before the beginning of
the experiments and had free access to drinking water and food (Supra, Brazil)
during the acclimatation period or diet during the experimental period. Rats were
maintained at a constant temperature (23 ± 1 C) on a 12 h light/dark cycle. All ani-
mal procedures were approved by the Animal Ethics Committee from UFSM.
Animals (10 rats per treatment) were randomly divided into six experimental
groups and fed different diets (Table 1) for 5 months. The diet was prepared in an
industrial mixer to allow the uniformity of the mixture according to Barbosa
et al. (2008). The choice of Cd concentrations was based on previous studies, which
show that Cd diet intake causes overt signals of toxicity in rats (Callegaro et al.,
2010a,b). After preparation, the diets were frozen (20 C) until use. The body
weight of animals was obtained weekly until the end of the experiment period.
2.4. Behavior procedure
2.4.1. Inhibitory avoidance
One day after the end of the treatment, animals were subjected to training in a
step-down inhibitory avoidance apparatus according to Guerra et al. (2006). Brieﬂy,
rats were subjected to a single training session in a step-down inhibitory avoidance
apparatus, which consisted of a 25  25  35 cm box with a grid ﬂoor whose left
portion was covered by a 7  25 cm platform, 2.5 cm height. The rat was placed
gently on the platform facing the rear left corner and when the rat stepped down
with all four paws on the grid, a 2-s 0.4-mA shock was applied to the grid. Memory
retention was evaluated in a test session carried out 24 h after training, in which
trained animals were placed on the training box platform, and the step-down la-
tency was measured. A cut-off time of 300 s was imposed on step-down latency
during testing session. The apparatus was cleaned with 30% ethanol before and
after each rat occupied it.
2.4.2. Open ﬁeld
Immediately after the inhibitory avoidance testing session, all animals were
transferred to an open ﬁeld in order to assess exploratory activity. Animals were
placed on the center quadrant of a round open ﬁeld (56  40  30 cm) with the
ﬂoor divided into 12 squares measuring 12  12 cm each. An observer, who was
not aware of the pharmacological treatments, manually recorded the number of
crossing and rearing responses over 5 min. Crossing was deﬁned as the total num-
ber of areas crossed with the four paws and rearing was deﬁned as the total number
of stand-up responses on two paws. This test was carried out to identify possible
motor disabilities that might have inﬂuenced inhibitory avoidance performance
at testing.
2.4.3. Foot shock sensitivity test
The reactivity to shock was evaluated in the same apparatus used for inhibitory
avoidance, except that the platform was removed. The modiﬁed ‘‘up and down’’
method by Rubin et al. (2004) was used to determine the ﬂinch, jump and vocali-
zation thresholds in experimentally naive animals. Animals were placed on the grid
and allowed a 3 min habituation period before the start of a series of shocks (1 s)
delivered at 10 s intervals. Shock intensities ranged from 0.1 to 0.6 mA in 0.1 mA
increments. Adjustments in the shock intensity were made in accordance with each
animal response. The intensity was raised by 1 unit when no response occurred and
lowered by 1 unit when there was a response. A ﬂinch response was deﬁned as the
withdrawal of one paw from the grid ﬂoor, and a jump response was deﬁned as the
Table 1
Experimental groups, diets and the concentration of Cd found in the diets.
Groups Diets Cd concentration (mg/kg diet)⁄
Control Only diet <0.03
Pot 10% of diet composed of tuber powder from potatoes grown without Cd <0.03
Pot + Cd 10% of diet composed of tuber powder from potatoes grown with Cd 0.64 ± 0.04
1 mg/kg Cd Diet mixed with 1 mg/kg of CdCl2 salt dissolved in water 0.88 ± 0.02
5 mg/kg Cd Diet mixed with 5 mg/kg of CdCl2 salt dissolved in water 3.62 ± 0.23
25 mg/kg Cd Diet mixed with 25 mg/kg of CdCl2 salt dissolved in water 18.47 ± 0.41
Abbreviations: Pot (potato); Cd (cadmium).
⁄Values are expressed as means ± SEM (n = 4). Measured by ICP OES with detection limit of 0.03 mg/kg.
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jump and vocalization) were taken and the mean of each score was calculated for
each animal.2.4.4. Elevated plus maze task
The anxiolytic-like behavior was evaluated using the task of the elevated plus
maze as previously described (Frussa-Filho et al., 1999; Rubin et al., 2000). The
apparatus was made of wood and consisted of four arms, all with the same dimen-
sions (50  10 cm) and elevated 50 cm above the ﬂoor. Two of these arms were en-
closed by 40 cm high lateral walls with an open roof and located perpendicularly to
the other two opposed open arms. The four arms delimited a central area of
100 cm2. Rats were placed in the center of the maze facing an open arm and were
allowed to explore the maze freely for 5 min. The time spent and the number of en-
tries in open and closed-arms as well as the total number of arm entries were re-
corded. The apparatus was thoroughly cleaned with 30% ethanol between each
session.2.5. Brain tissue preparation
After behavioral tests, animals were anesthetized and submitted to euthanasia.
The cranium was opened and the structures were gently removed and separated
into cerebral cortex (CO), hippocampus (HC), hypothalamus (HT), cerebellum (CE)
and striatum (ST). To verify the cadmium concentration in brain structures, three
or four animals per group were randomly chosen. For the other animals, the brain
structures were homogenized in a glass potter in a solution of 10 mM Tris–HCl, pH
7.4, on ice, at a proportion of 1:10 (w/v). The resulting homogenate was used to
determine the Na+,K+-ATPase activity. A fraction of homogenate was centrifuged
at 1800 rpm for 10 min and the resulting supernatant was used to determine the
AChE activity.2.6. Cadmium concentration in brain regions
Brain structures were weighted in glass vessels and 3–8 mL of HNO3 was added
for digestion. Digestion was performed using a block (Velp Scientiﬁca, Milano, Italy)
heated at 130 C during 3 h. After this time, 2 mL of H2O2 was added and samples
were heated again for more 1 h. Digested samples were then transferred to polypro-
pylene ﬂasks and the volume was completed with water to 30–50 mL. Cadmium
determination was performed by graphite furnace atomic absorption spectrometry
(GF AAS, contrAA 700, Analytik Jena) using a xenonium lamp set at 28.8018 nm. The
heating program was performed using the temperatures of 120, 600, 1600 and
2300 C for drying, pyrolysis, atomization and cleaning steps, respectively. In addi-
tion, Cd determination was also performed by inductively coupled plasma optical
emission spectrometry (ICP OES) using a concentric nebulizer (Meinhard Associ-
ates, Golden, USA) and a cyclonic spray chamber (Glass Expansion, Inc., West Mel-
bourne, Australia). However, in view of higher limit of detection obtained in
comparison with the results obtained by GF AAS, Cd measurements were preferen-
tially performed by GF AAS.2.7. Cerebral AChE enzymatic assay
The AChE enzymatic assay was determined by a modiﬁcation of the spectropho-
tometric method of Ellman et al. (1961) as previously described by Rocha et al.
(1993). The reaction mixture (2 mL ﬁnal volume) contained 100 mM K+-phosphate
buffer, pH 7.5 and 1 mM 5,50-dithio-bis-nitrobenzoic acid (DTNB). The method is
based on the formation of the yellow anion, 5,50-dithio-bis-acid nitrobenzoic, mea-
sured by absorbance at 412 nm during 2-min incubation at 25 C. The enzyme was
pre-incubated for 2 min. The reaction was initiated by adding 0.8 mM acetylthioch-
oline iodide (AcSCh). Protein was determined previously and adjusted for each
structure: CO (0.6–0.8 mg/mL), HC (0.8 mg/mL), HT (0.6 mg/mL), CE (0.5–0.6 mg/
mL), and ST (0.4 mg/mL). All samples were run in duplicate or triplicate and the en-
zyme activity was expressed in lmol AcSCh/h/mg of protein.2.8. Na+,K+-ATPase enzymatic assay
The Na+,K+-ATPase activity was measured as previously described (Wyse et al.,
2000) and modiﬁed by Carvalho et al. (2012). Brieﬂy, the assay medium consisted of
(in mM) 30 Tris–HCl buffer (pH 7.4), 0.1 EDTA, 50 NaCl, 5 KCl, 6 MgCl2 and 50 lg of
protein in the presence or absence of ouabain (1 mM), in a ﬁnal volume of 350 lL.
The reaction was started by the addition of adenosine triphosphate to a ﬁnal con-
centration of 3 mM. After 30 min at 37 C, the reaction was stopped by the addition
of 70 lL of 50% (w/v) trichloroacetic acid. Saturating substrate concentrations were
used and the reaction was linear with protein and time. Appropriate controls were
included in the assays for non-enzymatic hydrolysis of ATP. The amount of inor-
ganic phosphate (Pi) released was quantiﬁed colorimetrically as previously de-
scribed (Fiske and Subbarow, 1925), using NaH2PO4 as reference standard.
Speciﬁc the Na+,K+-ATPase activity was calculated by subtracting the ouabain-
insensitive activity from the overall activity (in the absence of ouabain) and ex-
pressed in nmol of Pi/min/mg of protein.
2.9. Protein determination
The protein content was determined colorimetrically according to the Bradford
method (1976) using bovine serum albumin (1 mg/mL) as standard solution.
2.10. Statistical analysis
Statistical analysis of the training and test step-down latencies was carried out
by Kruskal–Wallis followed by post hoc analyses (nonparametric Dunn’s test). All
other parameters evaluated were analyzed by one-way ANOVA, followed by Stu-
dent–Newman–Keuls (SNK) or Duncan’s multiple range tests, where p < 0.05 was
considered to represent a signiﬁcant difference in all experiments.
3. Results
3.1. Cd or potato intake did not affect body weight measurements
Table 2 shows the body weight of the animals at the onset and
at the end of the experiment as well as their body weight gain. As
can be observed, there were no statistical differences in the body
weight measurements between the groups.
3.2. Cd exposure caused memory deﬁcits
Fig. 1 shows the effect of Cd and potato diet intake on step-
down latencies. The statistical analysis of testing showed that
long-term exposure to Cd salt (1, 5 and 25 mg/kg) as well as Cd
accumulated in potato tubers caused memory impairment. Statis-
tical analysis of training showed no signiﬁcant differences between
the groups.
Because the motivational disparities in the training session may
account for differences in inhibitory avoidance at testing, experi-
ments were performed to assess whether Cd or potato intake af-
fected the shock threshold or the locomotor ability of the
animals. Statistical analysis of open-ﬁeld data revealed that neither
Cd nor potato intake caused gross motor disabilities at testing as
demonstrated by the similar number of crossing or rearing re-
sponses exhibited by the animals. Moreover, Cd or potato intake
did not alter foot shock sensitivity as demonstrated by the similar
ﬂinch, jump and vocalization thresholds exhibited by the rats
(Table 3).
Table 2
Effects of cadmium (Cd) and potato (pot) diet intake in the body weight gain (g) of
experimental groups.






Control 81.5 ± 4.3 412.6 ± 3.1 +331.1
Pot 87.8 ± 6.3 383.1 ± 0.4 +295.3
Pot + Cd 83.3 ± 6.4 438.7 ± 1.1 +355.4
1 mg/kg Cd 85.0 ± 3.9 388.3 ± 1.6 +303.3
5 mg/kg Cd 87.9 ± 2.4 424.5 ± 9.1 +336.6
25 mg/kg Cd 87.3 ± 4.3 435.7 ± 2.8 +348.4
Values are expressed as means ± SEM. n = 6–10 rats per group (p < 0.05).
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respectively
Anxiety studies using an elevated plus maze showed a lower
anxiety in rats fed potato diet since these rats spent more time
in the open arms, spent less time in the closed arms, and entered
the open arms more times compared with those of the other
groups (Fig. 2A, B and, C, respectively). On the other hand, rats
fed 25 mg/kg Cd diet showed a higher anxiety since these rats
spent less time in the open arms, spent more time in the closed
arms, and entered the open arms less times compared with those
of the other groups. There were no signiﬁcant alterations in the
number of entries in the closed arms or in the total number of en-
tries in arms between the experimental groups (Fig. 2D and E).3.4. Cd exposure increased Cd concentration in brain regions
Cd exposure increased Cd concentration in brain regions of rats
fed potato grown with Cd, 1, 5 and 25 mg/kg Cd diet in relation toFig. 1. Effect of cadmium (Cd) and potato (Pot) diet intake on step-down latencies. After
median ± interquartile range of training and test. ⁄p < 0.05 compared with the other gro
Table 3
Effects of cadmium (Cd) and potato (pot) diet intake on the behavior of rats in the open
avoidance testing session and on foot shock sensitivity (ﬂinch, jump and vocalization).
Group Crossing Rearing
Control 31.50 ± 4.76 25.75 ± 3.85
Pot 33.75 ± 4.85 25.25 ± 2.84
Pot + Cd 34.50 ± 3.55 26.40 ± 3.12
1 mg/kg Cd 23.20 ± 3.90 18.50 ± 3.04
5 mg/kg Cd 25.40 ± 3.46 20.80 ± 2.80
25 mg/kg Cd 32.55 ± 2.31 23.70 ± 1.74
Statistical analysis F(5,51) = 0.13 F(5,51) = 0.33
p > 0.05 p > 0.05
Data are means ± SEM for 8–10 animals per group.the control (Table 4). Control rats and rats fed potato diet per se
showed Cd concentrations lower than the detection limit
(0.009 lg/g) in different brain structures. Rats fed potato grown
with Cd, 1 and 5 mg/kg Cd diet showed small and similar Cd con-
centrations of around 0.011 lg/g in different brain structures. Rats
fed 25 mg/kg Cd showed highest Cd concentrations in all brain re-
gions when compared with the other groups.
3.5. Cd exposure increased AChE activity
The AChE activity in different brain structures is given in Fig. 3.
There were no signiﬁcant alterations in the AChE activity in cere-
bral cortex (Fig. 3A). Hippocampus AChE activity increased 25%
in rats fed 25 mg/kg Cd diet in relation to the control (Fig. 3B).
Hipothalamus AChE activity increased 63% and 52% in rats fed 5
and 25 mg/kg Cd diet in relation to the control, respectively
(Fig. 3C). Cerebellum AChE activity increased 45%, 32% and 39%
in rats fed 1, 5 and 25 mg/kg Cd diet in relation to the control,
respectively (Fig. 3D). Striatum AChE activity increased 44%, 44%,
57% and 66% in rats fed potato grown with Cd, 1, 5 and 25 mg/kg
Cd diet when compared with the control, respectively (Fig. 3E).
3.6. Cd exposure decreased Na+,K+-ATPase activity
Results obtained for Na+,K+-ATPase activity in different brain
structures are presented in Fig. 4. There was a decrease of 32%,
25% and 39% in Na+,K+-ATPase activity in cerebral cortex of rats
fed potato grown with Cd, 5 and 25 mg/kg Cd diet in relation to
the control, respectively (Fig. 4A). There were no signiﬁcant alter-
ations in the Na+,K+-ATPase activity in hippocampus (Fig. 4B). A
decrease of 28% in Na+,K+-ATPase activity in hipothalamus of rats
fed 25 mg/kg Cd diet was observed in relation to the control
(Fig. 4C). ‘‘There were no signiﬁcant alterations in the Na+,K+-ATP-one treatment-free day, animals were tested in a step-down latency test. Data are
ups at testing by the Dunn’s nonparametric multiple comparison task (n = 8–10).
-ﬁeld (number of crossing and rearing responses) immediately after the inhibitory
Flinch (mA) Jump (mA) Vocalization (mA)
0.32 ± 0.03 0.36 ± 0.03 0.45 ± 0.01
0.31 ± 0.02 0.39 ± 0.01 0.47 ± 0.02
0.33 ± 0.02 0.36 ± 0.02 0.43 ± 0.01
0.33 ± 0.02 0.33 ± 0.01 0.45 ± 0.01
0.33 ± 0.02 0.37 ± 0.03 0.49 ± 0.01
0.34 ± 0.02 0.37 ± 0.02 0.46 ± 0.01
F(5,51) = 0.88 F(5,51) = 0.61 F(5,51) = 0.15
p > 0.05 p > 0.05 p > 0.05
Fig. 2. Time spent in open (A) and closed (B) arms, number of entries in open (C) and closed (D) arms and number of total entries in arms (E) measured in the elevated plus
maze over the 5 min test in rats fed potato (Pot) grown with and without cadmium (Cd), 1, 5 and 25 mg/kg Cd diet. Different lowercase letters indicate signiﬁcant difference
between the groups. Bars represent means ± SEM. One-way ANOVA–Student–Newman–Keuls (SNK) (p < 0.05) (n = 6–10).
Table 4
Effects of cadmium (Cd) and potato (pot) diet intake on Cd concentration (lg/g) in different brain structures (cortex, hippocampus, hypothalamus, cerebellum and striatum) of
male rats.
Groups Cortex Hippocampus Hypothalamus Cerebellum Striatum
Control <0.009b <0.009b <0.009b <0.009b <0.009b
Pot <0.009b <0.009b <0.009b <0.009b <0.009b
Pot + Cd 0.011 ± 0.0005a 0.011 ± 0.0005a 0.010 ± 0.0005a 0.010 ± 0.0005a 0.014 ± 0.0029a
1 mg/kg Cd 0.011 ± 0.0005a 0.011 ± 0.0005a 0.010 ± 0.0005a 0.011 ± 0.0005a 0.016 ± 0.0035a
5 mg/kg Cd 0.011 ± 0.0005a 0.011 ± 0.0005a 0.011 ± 0.0005a 0.011 ± 0.0005a 0.022 ± 0.0005a
25 mg/kg Cd 0.040 ± 0.0058a 0.065 ± 0.0014a 0.079 ± 0.0075a 0.042 ± 0.0017a 0.060 ± 0.0092a
Data are means ± SEM. One-way ANOVA–Duncan’s test (p < 0.05). Different letters in the same column indicate differences among the treatments (n = 3–4 animals per group).
Measured by GF AAS with detection limit of 0.009 mg/kg.
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ity decreased 33% and 27% in rats fed potato grown with Cd, and
25 mg/kg Cd diet in relation to the control, respectively (Fig. 4D).
There were no signiﬁcant alterations in the Na+,K+-ATPase activity
in striatum (Fig. 4E)’’.4. Discussion
Since Cd exposure to general population primarily occurs
through the ingestion of contaminated food, this heavy metal does
not present known beneﬁcial biological function, and its half-life in
Fig. 3. Acetylcholinesterase (AChE) activity in supernatant of cerebral cortex (A), hippocampus (B), hypothalamus (C), cerebellum (D) and striatum (E) of rats fed potato
grown with and without Cd, 1, 5 and 25 mg/kg Cd diet. Different lowercase letters indicate signiﬁcant difference between the groups. Bars represent means ± SEM. One-way
ANOVA–Duncan’s multiple range test (p < 0.05) (n = 4–6).
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diet may represent a great risk to human health. Thus, the present
investigation on the long-term exposure to diet with low levels of
Cd salt or with Cd from contaminated potato tubers represents a
signiﬁcant contribution to better understand the Cd toxicology.
In this study Cd-exposed adult rats showed small amount of Cd
in brain structures but signiﬁcantly higher than control values
and enough to cause brain injury, corroborating with the literature
data (Gonçalves et al., 2010; Takeda et al., 1999; Wong and Klaas-
sen, 1982). Moreover, although Cd insult did not alter the body
weight measurements of the rats, it was harmful to the brain func-
tions and consequently to animal behavior.
The inhibitory avoidance test is a classic model behavioral test
with a strong aversive component used to evaluate learning and
memory in rats and mice (Cahill et al., 1986). In the present study,
we observed a signiﬁcant decrease in the step-down latency in Cd-
intoxicated rats by the inhibitory avoidance test, suggesting learn-ing and memory impairment in these animals. This result corrob-
orates our recently published data where rats intoxicated orally
with Cd showed impaired cognition (Gonçalves et al., 2010). In fact,
some studies have demonstrated that Cd induces neurotoxicity in
animals with a wide spectrum of clinical entities such as changes
in the normal brain neurochemistry as well as neurological and
behavioral disturbances (Gonçalves et al., 2010; Minami et al.,
2001).
As reported by Schmatz et al. (2009), a major concern in shock-
motivated learning tests, particularly in those investigating the ef-
fect of drugs given before the acquisition of a given test, is whether
pharmacological treatments affect locomotor activities or motiva-
tional aspects of learning, such as shock sensitivity. To rule out this
possibility, immediately after inhibitory avoidance testing ses-
sions, the animals were subjected to an open-ﬁeld test which is
widely used to evaluate motor disorders (Belzung and Griebel,
2001). The open ﬁeld session revealed that the pharmacological
Fig. 4. Activity of Na+K+-ATPase in homogenate of cerebral cortex (A), hippocampus (B), hypothalamus (C), cerebellum (D) and striatum (E) of rats fed potato (Pot) grown with
and without cadmium (Cd), 1, 5 and 25 mg/kg Cd diet. Different lowercase letters indicate signiﬁcant difference between the groups. Bars represent means ± SEM. One-way
ANOVA–Student–Newman–Keuls (SNK) (p < 0.05) (n = 4–6).
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fed the different diets showed a similar number of crossing or rear-
ing responses. Moreover, in our study we demonstrated that rats of
different treatments did not show altered shock sensitivity as ver-
iﬁed by their similar ﬂinch, jump and vocalization thresholds.
Thus, these data suggest that neither Cd nor potato intake before
training of inhibitory avoidance caused motor disabilities nor al-
tered foot shock sensitivity. This way, we can exclude the possibil-
ity that these parameters may have contributed to the alteration in
step-down latencies.
Besides learning and memory evaluation, we also measured the
anxiolytic performance of the rats by the elevated plus maze, com-
monly used to study anxiety-related behavior in rodents (Belzung
and Griebel, 2001). Our results showed a lower anxiety in rats fed
potato diet per se. According to Allemão (1976), the word Solanum
comes from the Latin word Solariwhich means ‘‘to relieve’’, and the
vegetable which receives this denomination has been employed for
its tranquilizer property. It is well known that benzodiazepines areamong the most frequently prescribed drugs which present tran-
quilizing, sedative-hypnotic, anxiolytic, and anticonvulsant effects
mediated by binding to a speciﬁc subtype of the GABA(A) receptor,
i.e., the a1-type GABA(A) receptor, which is mainly expressed in
cortical areas and in the thalamus of all vertebrates (Rudolph
et al., 1999). Interestingly, Kavvadias et al. (2000) reported the
endogenous formation of benzodiazepines such as N-des-
methyldiazepam (temazepam) and diazepam in amounts of about
70–450 ng/g cell tissue of S. tuberosum. These contents are approx-
imately 10- to 100-fold higher than those previously found in po-
tato tuber (2–4 ng diazepam equivalents/g) (Wildmann, 1988).
Moreover, Muceniece et al. (2008) postulated that potato juice ex-
tracted from tuber marrowmight contain GABA(A) receptor GABA-
site active compounds since its low content of diazepam could not
sustain the anticonvulsant activity of potato juice in vivo, suggest-
ing that juice as well as potato taken as food may have the capacity
of inﬂuencing brain GABA-ergic activity. Besides benzodiazepine
derivatives, other compounds that exhibit anxiolytic effects were
3716 J.F. Gonçalves et al. / Food and Chemical Toxicology 50 (2012) 3709–3718identiﬁed in potato such as a variety of ﬂavonoids that could be a
subtype-selective partial agonist of GABA(A) receptors (Giorgetti
and Negri, 2011). Thus, our results reinforce the anxiolytic proper-
ties of the Solanaceae family and to the best of our knowledge this
is the ﬁrst approach associating the long-term diet of potato tuber
to a clear anxiolytic effect in rodents. With regard to Cd-based diet,
the present investigation showed that the highest Cd concentration
applied to the diet (25 mg/kg) caused higher anxiety in rats. Leret
et al. (2003) showed that the rats co-exposed to Cd (10 mg/L) and
Pb (300 mg/L) in drinking water from the beginning of pregnancy
until weaning showed an increased anxiety-like behaviour and
although the mechanism by which these metals are able to alter
behaviour in the elevated plus-maze is yet to be established, it ap-
pears that there is a link with hippocampal serotoninergic and
dopaminergic neurons. On the other hand, Minetti and Reale
(2006) showed a lower anxiety in all the offspring prenatally ex-
posed to 0.6 mg/kg Cd subcutaneously. It is important to point
out that their dose of Cd is about ﬁve times less than that applied
by us here and also the male offspring in all the groups studied by
Minetti and Reale (2006) evidenced a clear anxious behavior with
respect to the female rats. Moreover, when the total number of arm
entries was evaluated, the absence of changes in this measure indi-
cated that all groups have similar locomotor activity corroborating
our ﬁndings in the open ﬁeld test. This indicates that the changes
observed in the plus maze are consistent with a decreased and
an increased anxiety behavior produced by potato and Cd intake,
respectively.
In the present study, all Cd diets increased the AChE activity in
the striatum. However, the activation of AChE in the hippocampus,
hypothalamus and cerebellum was observed in a dependence of
the Cd concentration administered and no effect in response to
Cd was detected in the cerebral cortex between the groups. Both
in vitro and in vivo effects of Cd on the AChE activity have been de-
scribed in the literature for different animal models (Carageorgiou
et al., 2004, 2005; Luchese et al., 2007; Pari and Murugavel, 2007).
The mechanism of action of Cd on AChE enzyme has been hypoth-
esized to be either the displacement of metal cofactors from the ac-
tive site or the direct deactivation of the enzyme site (Casalino
et al., 1997). Moreover, Cd can leads to alteration of the structural
integrity of lipids and secondarily affects membrane-bound en-
zymes such as AChE and Na+,K+-ATPase. Thus, alterations in the li-
pid membrane by oxidative stress could be a decisive factor in the
modiﬁcation of the conformational state of the AChE and Na+,K+-
ATPase molecules, which would explain changes in their activities
(Gonçalves et al., 2010; Pal et al., 1993; Schmatz et al., 2009; Srin-
ivasan and Ramprasath, 2011). However, results are controversial
and the activation as well as the inhibition of the AChE activity
has been reported. The activity of AChE in rat brain synaptosomal
plasma membranes showed a considerable decrease after 6 h of Cd
exposure, followed by a progressive increase up to 24 h (Fasitsas
et al., 1991). Brain AChE activity was decreased in rats exposed
to 1, 2 or 5 mg/kg Cd for 8 h (Carageorgiou et al., 2004) as well
as in mice exposed subcutaneously to 10 mmol/kg, ﬁve times/week
for 4 weeks (Luchese et al., 2007). Decreased AChE activity was
found in hippocampus, cerebellum and hypothalamus of rats
intoxicated with 2 mg/kg Cd by gavage every other day for 30 days
(Gonçalves et al., 2010). However, an increase in the AChE activity
was found in brain of rats exposed to 1 mg/kg Cd intraperitoneally
for 14 days or intramuscularly for 4 months (Carageorgiou et al.,
2004, 2005). Interestingly, AChE activation leads to a fast ACh deg-
radation and a subsequent down stimulation of ACh receptors
causing undesirable effects on cognitive functions (Soreq and Seid-
man, 2001). Based on our results we can suggest that the increase
in the AChE activity caused by Cd leads to a reduction of choliner-
gic neurotransmission efﬁciency due to a decrease in ACh levels in
the synaptic cleft thus contributing to progressive cognitiveimpairment. Furthermore, we may infer that the activator effect
elicited by Cd diet on the AChE activity could be one of the mech-
anisms involved in the memory impairment observed in the inhib-
itory avoidance test in this study (Schmatz et al., 2009). In fact,
there is a wealth of evidence that brain cholinergic systems partic-
ipate in memory processes. Our research team has already re-
ported that cerebral AChE activity was restored by the
antioxidant N-acetylcysteine which has beneﬁcial actions modu-
lating cholinergic neurotransmission and improving cognition
(Gonçalves et al., 2010).
Cholinergic pathways, which fulﬁl a pivotal role in the control
of cognitive-attentional, arousal and motivation function, ramify
extensively in the hippocampus, amygdala, septum, frontal cortex
and several other limbic regions. They reciprocally interact with
GABAergic, monoaminergic, and glutamatergic pathways playing
a role in the control of anxious states (Milan, 2003). There is
emerging evidence that increased ACh levels in brain reduce anxi-
ety. More speciﬁcally there is evidence that some of these anxio-
lytic effects of ACh are modulated by the hippocampus since an
overall enhancement of cholinergic transmission in the hippocam-
pus was accompanied by anxiolytic properties (Degroot et al.,
2001; Degroot and Treit, 2002). Degroot et al. (2001) found that
infusions of the AChE inhibitor physostigmine (10 mg/mL) into
the dorsal hippocampus increased open-arm exploration in the
plus-maze test and decreased burying behavior in the shock-probe
test, demonstrating that general up-regulation of hippocampal
cholinergic activity (increased ACh levels) resulted in a clear anxio-
lytic effect in two different tests of anxiety. The anxiolytic effects
induced by stimulating the hippocampal cholinergic system are
consistent with previous data indicating that intrahippocampal
infusions of both muscarinic and nicotinic antagonists increase
anxiety (File et al., 1998; Hess and Blozovski, 1987; Smythe
et al., 1998). Our study produced consistent results that the cholin-
ergic system may be involved in anxiety-like behaviour as well as
memory impairment observed in rats fed with the highest Cd diet
(25 mg/kg) since we found that the enzyme AChE was activated,
which probably decreases ACh levels in four cerebral structures
including the hippocampus, a region particularly important in anx-
iety and memory processes.
The activity of Na+,K+-ATPase was decreased in cerebral cortex,
hypothalamus, and cerebellum of rats exposed to Cd salt or Cd
from tubers. In hippocampus and striatum there was no alteration
in the Na+,K+-ATPase activity between the groups. Several studies
have demonstrated that certain divalent metal ions are potent
inhibitors of brain Na+,K+-ATPase (Antonio et al., 2002; Chetty
et al., 1992; Hexum, 1974; Prakash et al., 1973; Rajanna et al.,
1983). In this sense, our results conﬁrm that Cd may exert an
inhibitory effect on the Na+,K+-ATPase activity. According to Anto-
nio et al. (2002), this enzyme plays a vital role in linking the extra-
cellular signals to the intracellular medium in neural tissues. Thus
the inhibition of this enzyme by Cd could be damaging to the brain
cells leading to an earlier stage of edema, followed by a later stage
of degeneration and necrosis. Also, Na+,K+-ATPase inhibition by
ouabain impairs learning and memory in Morris water maze and
step-through passive avoidance tasks (Sato et al., 2004; Zhan
et al., 2004), showing the main role of this enzyme on learning
and memory processes which could be associated with Cd-induced
impaired cognition observed in the present investigation. Rajanna
et al. (1983) proposed that Cd may compete with ATP and Na+ sites
on Na+,K+-ATPase inhibiting its activity in rat brain synaptosomes.
Chetty et al. (1992) have reported that Cd interferes with
phosphorylation state of the enzyme which results in its inhibition.
Borges et al. (2005) postulated that the inhibition of cerebral Na+,
K+-ATPase by organochalcogens may occur through a change in
the crucial thiol groups of this enzyme. In fact, Cd has high afﬁnity
for the sulphydril groups in enzymes and proteins and its binding
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processes (Antonio et al., 2002). Moreover, the binding of Cd to
the -SH groups of glutathione could implicate in the induction of
oxidative stress associated with Cd poisoning (Antonio et al.,
2002). In relation to this, Stefanello et al. (2011) showed that the
administration of antioxidants (vitamins E plus C) partially pre-
vented the inhibition of the Na+,K+-ATPase activity caused by acute
and chronic hypermethioninemia which strongly suggests the oxi-
dative damage as a possible mechanism involved in the reduction
of this enzyme activity. On the other hand, Carageorgiou et al.
(2004) have found a whole brain Na+,K+-ATPase stimulation as a
dose-dependent effect of acute Cd administration in rats possibly
due to Cd-induced acute oxidative stress. In fact, these controver-
sies in AChE and Na+,K+-ATPase activities could be explained by
the different routes and doses of Cd administration, differences
in the biological samples assayed, and differing periods of exposure
(short-term and long-term) (Carageorgiou et al., 2004).5. Conclusions
Although all the proposed mechanisms by which Cd especially
affects behavior continue to engender controversy, from the pres-
ent study it is clear that long-term exposure to diet with low doses
of Cd salt or with Cd from contaminated food increased Cd concen-
tration in brain regions of rats, was harmful to the brain functions
and consequently to animal behavior. Our data suggest that im-
paired cognition and enhanced anxiety-like behavior displayed
by Cd-intoxicated rats is coupled with a marked increase in the
AChE activity and a decrease in the Na+,K+-ATPase activity in the
brain structures, two important enzymes that can indicate marked
alterations in the synaptic transmission. Moreover, additional
studies about potato tubers and Cd toxicity would be desirable to
determine their inﬂuence on anxiety processes since there are
scarce reports on the anxiolitic and anxiogenic properties exhib-
ited by rats treated with potato tubers and Cd, respectively.Conﬂict of Interest
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